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Abstract 
Bi-axially oriented YBCO thin films with BNO-nanorods were obtained by a low cost PLD process using Nd:YAG-
laser in the substrate temperature (Ts) range of 850-890°C, and the degrees of orientation for the films are comparable 
to those of YBCO films prepared by PLD with excimer-laser. The vortex-Bose-glass-like behavior of irreversibility 
lines emerged and strongly depended on Ts in the YBCO films with BNO-nanorods. Dependence of Jc on the 
magnetic field was improved by introduction of BNO-nanorods, whereas Jc properties were sensitively affected by Ts. 
Control of Ts is an important factor for the production of high-performance REBCO coated conductors with nanorods. 
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1. Introduction 
High temperature superconducting coated conductors based on REBa2Cu3Oy (RE denotes rare earth 
elements including Y, REBCO) are expected to be applied to power system and magnet coils. For 
practical use of REBCO coated conductors, further improvement of critical current density (Jc) is 
necessary not only in the self-field and but also in high magnetic fields at the liquid nitrogen temperature 
(77.3 K). Introduction of nonsuperconducting second phase into REBCO matrix is one of effective 
methods to enhance Jc under magnetic fields. Remarkable enhancements of Jc in magnetic fields applied 
parallel to the c-axis of REBCO matrix (B//c) by introduction of nanorods have been extensively reported 
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[1-15]. The nanorods are formed along the c-axis of REBCO via pulsed laser deposition (PLD) using 
targets containing second phase, such as BaZrO3(BZO) [2-7], BaSnO3(BSO) [8-10] and BaNb2O6(BNO) 
[11-15]. Furthermore, our group reported that critical current properties for ErBCO thin films with BNO-
nanorods depended on the substrate temperature (Ts) [12-14]. 
A PLD method with an excimer-laser has been intensively used for growth of REBCO thin films 
because REBCO films with high superconducting performances can be obtained easily in comparison 
with other methods. However, the excimer system needs halogen and noble gases which lead to high 
running cost and are dangerous to handle. Low cost and safety are very important factors for the 
production process of REBCO coated conductors. Nd:YAG laser is a promising candidate as a practical 
laser source in the PLD system [16-18]. The Nd:YAG laser is a gas-free system and can be operated only 
by electric source, therefore, running cost is reasonable. However, there are few reports on the growth of 
REBCO films containing nanorods by Nd:YAG-PLD, and the relationship between deposition conditions 
and critical current properties has not been clarified yet. In this study, we focused on the growth of YBCO 
films with BNO-nanorods at various Ts by the low cost PLD process using Nd:YAG-laser. 
2. Experimental details 
Thin films of Pure and BNO-doped YBCO were deposited on SrTiO3 (100) single crystal substrates by 
a PLD technique using a Q-switched Nd:YAG-laser with its fourth harmonics operating at the wavelength 
of 266 nm. The repetition rates of flash lamp and Q-switch were 10 and 2 Hz, respectively. The fully 
oxidized YBCO and 5 at.%-BNO-doped-YBCO sintered targets were used for preparing pure and BNO-
doped YBCO films, respectively. The laser energy density is approximately 2 J/cm2 on the target. The 
distance between the target and substrate was fixed at 25 mm. During deposition, the substrate 
temperature (Ts, or growth temperature) was kept at 790-920°C in the oxygen pressure of 20 Pa by O2 gas 
flow. Here, Ts was controlled by a thermocouple mounted at SiC heater. Thickness of the films was 
approximately 350 nm via the film deposition for 30 min.. After deposition, Ts was rapidly dropped down 
to 450°C and the deposition chamber was filled with oxygen gas up to 0.2 atm, subsequently, in-situ 
oxygen-annealing was performed by ramp cooling for 450-250°C with cooling rate of 5°C/min. 
The degrees of orientation for the obtained films were evaluated by the x-ray diffraction analysis. In 
order to measure transport properties, the films were patterned into a micro-stripline-shape with 100 Pm 
in width and 1.5 mm in length. Transport properties were measured by a four-probe method under various 
magnetic fields. The transport current was always perpendicular to the direction of the applied magnetic 
field. 
3. Results and discussion 
Before preparation of YBCO films containing BNO-nanorods, pure-YBCO films were prepared at 
various Tss from 790°C to 920°C to investigate the Ts-range in which bi-axially oriented films can be 
obtained. The inset of Fig. 1(a) shows XRD patterns with typical 2T/T-scan for the pure-YBCO film 
deposited at the relatively lower temperature of 840°C. The diffraction peak of (200) due to a-axis 
oriented YBCO domains on the SrTiO3 substrate was observed in addition to the diffraction peak of (005) 
from c-axis oriented domains. The abundance of a-axis oriented domains is defined as the intensity ratio 
of diffraction peaks between (200) and (005) and is expressed as I(200)/(I(005)+I(200)), where I(200) and I(005) 
correspond to the diffraction intensities of (200) and (005), respectively. Ts dependence of the abundance 
of a-axis oriented domains for the pure-YBCO films is shown in Fig. 1(a). It was found that the a-axis 
oriented domains appeared below 850°C. On the other hand, re-evaporation of the films was observed 
above 890°C. Therefore, the c-axis oriented YBCO thin films can be obtained at 850-890°C. 
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Fig. 1. (a) Ts dependence of the abundance of a-axis oriented domains for pure-YBCO films, and inset shows XRD-2T/T-scan for 
pure-YBCO film deposited at 840°C; (b) Ts dependence of GZ (FWHM) derived from XRD-Z-scan around YBCO(005) for pure 
and BNO-doped YBCO films.  
Fig. 2. XRD-I-scan using the (102) plane of YBCO for (a) pure-YBCO films and (b) BNO-doped-YBCO films deposited at 850°C 
and 890°.  
Figure 1(b) shows Ts dependence of full widths at half maximum (FWHM, GZ) determined from 
XRD-Z-scan around YBCO(005) for the pure-YBCO films. The values of GZ were almost constant 
within the Ts-range of 850-890°C in which the c-axis oriented YBCO films can be obtained. In this Ts-
range, the GZ values were 0.2-0.3°, indicating that high degree of c-axis orientation comparable to those 
for YBCO films prepared by excimer-PLD [8, 19] was achieved also in the Nd:YAG-PLD process. 
In-plane orientation for the pure-YBCO films was evaluated by XRD-I-scan using the (102) plane of 
YBCO as shown in Fig. 2 (a). Four-fold symmetric peaks were observed for the pure-YBCO films 
deposited at 850°C and 890°C. It was found that the bi-axially oriented pure-YBCO films can be obtained 
for the Ts-range from 850°C to 890°C. 
In view of the deposition condition for the pure-YBCO films, BNO-doped-YBCO films were 
deposited at 850-890°C. The c-axis orientation of the BNO-doped-YBCO films was confirmed by XRD-
2T/T-scan; only (00l) peaks appeared and (h00) peaks from the a-axis oriented domains were not 
observed. Ts-dependence of GZ for the BNO-doped-YBCO films is shown in Fig. 1(b) together with data 
for the pure-YBCO films. The degrees of c-axis orientation for the BNO-doped-YBCO films were 
slightly degraded by the introduction of the BNO-nanorods. In-plane textured structures for the BNO-
doped-YBCO films were also confirmed by XRD-I-scan shown in Fig. 2(b). 
Figure 3(a) shows irreversibility lines (ILs) for the pure and BNO-doped YBCO films deposited at 850, 
860, 870 and 890°C. The ILs were derived from the temperature dependences of resistivity (U under the 
magnetic field up to 10 T. The irreversibility temperature (Tirr) was defined as the temperature at which U 
becomes U/U(95 K) = 10-3 in each magnetic field. Therefore, IL is represented as the change in Tirr as a 
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function of the magnetic field, and the irreversibility field (Birr) at a certain temperature was determined 
from the IL. The IL is understood as a boundary between vortex glass and liquid states. The ILs for the 
BNO-doped-YBCO films shifted to higher temperature and magnetic field regions in comparison with 
that of the pure-YBCO film, indicating that the vortex glass region was expanded by the introduction of 
BNO-nanorods. The ILs for the BNO-doped-YBCO films exhibited a characteristic curve consisting of 
positive curvature and linear portions. Similar irreversibility lines have been already reported in YBCO 
single crystals [20-22] and films [23, 24] with columnar defects introduced by heavy-ion irradiation. 
According to the reports, a vortex-Bose-glass state was stabilized by the flux pinning with columnar 
defects in lower magnetic field and temperature regions. Therefore, the vortex states of these ILs for the 
BNO-doped-YBCO films observed in this study were found to be based on the vortex-Bose-glass. The 
BNO-nanorods embedded into YBCO matrix play a role of columnar defects as a c-axis correlated 
pinning centre. Here, when a crossover field (Bcr) is defined as the boundary magnetic field between the 
positive curvature and linear portions on ILs, the Bcr values for the BNO-doped-YBCO films deposited at 
850, 860, 870 and 890°C were determined to be 2.1, 2.8, 4.6 and 5.3 T, respectively. As can be easily 
deduced from ref. 21, the vortex states of positive curvature (B<Bcr) and linear portions (B>Bcr) can be 
understood in terms of the strong and weak Bose-glass, respectively. The Ts dependence of Bcr for the 
BNO-doped-YBCO films is shown in Fig. 3(b). The values of Bcr tend to increase with increasing Ts, 
indicating that the c-axis correlated flux pinning is more effective for the BNO-doped-YBCO films 
deposited at higher Ts. It is considered that the decrement of Bcr at lower Ts is attributable to the bending 
effect of BNO-nanorods as described later. 
Fig. 3. (a) Irreversibility lines for pure and BNO-doped YBCO films of Ts=850, 860, 870 and 890°C, arrows indicate the crossover 
field (Bcr); (b) Ts dependence of Bcr for BNO-doped-YBCO films. 
The magnetic field dependence of Jc for B//c in the pure and BNO-doped YBCO films are shown in 
Fig. 4(a). Note that the vertical axis is expressed as Jc values normalized by the self-field Jc, Jc/Jcsf. The 
normalized Jcs for the BNO-doped-YBCO films were superior to that for the pure-YBCO film, 
suggesting an intrinsic change in the magnetic field dependence of Jc by the introduction of BNO-
nanorods. In order to clarify the effects of nanorods in Jc-B curves, power exponent D values were 
calculated from the power law relationship between Jc and B, Jc(B)vB-D. The D values for the pure and 
BNO-doped YBCO films were determined to be 0.59 and 0.45, 0.36, 0.42, 0.41, respectively. The D 
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values were clearly reduced by the introduction of BNO-nanorods, indicating that dominant flux pinning 
was changed from random pinning to the c-axis correlated pinning by the addition of BNO. 
Figure 4(b) presents the dependences of Jc on the magnetic field angle (T) for the pure and BNO-doped 
YBCO films, where the vertical axis is normalized by Jc(T=90°) and the data were taken at 77 K under 1 
T. All the grown BNO-doped-YBCO films exhibited peaks atT=0° (that is, when the applied magnetic 
field is parallel to the c-axis for YBCO), although the pure-YBCO film exhibited minimum value of 
normalized Jc. These Jc peaks indicate the effective flux pinning by the BNO-nanorods for B//c. On the 
other hand, peaks at T=90° for all films were attributable to the intrinsic pinning. The peaks at T=0° for 
the BNO-doped-YBCO films depended on Ts, and the widths of the peak centred at T=0° became to be 
broader with decrement of Ts. The broad peak for the BNO-doped-YBCO films deposited at lower Ts is 
attributable to the bending effect of nanorods; the bending of BNO-nanorods embedded into YBCO 
matrix deposited at 850°C was confirmed by transmission electron microscopy (not shown here). Similar 
behaviour of Ts-dependent Jc properties has been reported for YBCO films with BZO-nanorods prepared 
by excimer-PLD [6]. This fact implies that Jc properties are largely affected by Ts regardless of 
fabrication process for REBCO films with nanorods, and determination of the appropriate Ts condition is 
necessary to maximize Jc under magnetic fields. 
Fig. 4. (a) Magnetic field dependences of normalized Jc, Jc/Jcsf, at 77 K for B//c, where Jcsf is Jc value in the self-field; (b) magnetic 
field angular dependences of normalized Jc, Jc/Jc(90°), at 77 K under 1 T.  
4. Conclusions 
The YBCO thin films with and without BNO-nanorod were prepared at various substrate temperatures 
by a low cost PLD process using a Nd:YAG-laser. Bi-axially oriented YBCO films were obtained at the 
Ts-range of 850-890°C. The degrees of c-axis orientation for the YBCO films were comparable to those 
for YBCO films prepared by excimer-PLD; GZ derived from XRD-Z-scan around YBCO(005) were 0.2-
0.3° for the pure and BNO-doped YBCO films. The vortex glass state for the BNO-doped-YBCO films 
expanded into higher temperature and magnetic field regions by the introduction of BNO-nanorods. The 
vortex-Bose-glass-like behaviour due to the c-axis correlated pinning emerged on the irreversibility lines 
for the BNO-doped-YBCO films. The ILs were strongly affected by Ts, and the crossover fields for the 
BNO-doped-YBCO films increased with increasing Ts. The magnetic field dependence of Jc was 
improved by the introduction of BNO-nanorods, and Jc peaks caused by the flux pinning with BNO-
nanorods appeared for B//c in the magnetic field angular dependence of Jc. The Jc peak for B//c became 
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broader with decreasing Ts since the BNO-nanorods were splayed by low-Ts deposition. Ts is a very 
important factor for the production process of REBCO coated conductors containing nanorods to achieve 
higher Jc sufficient to practical applications under magnetic fields. 
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